Echoplanar fMRI was used to measure changes in cortical activation during the performance of a simple hand movement task under three types of voluntary control. Each of three imaging series alternated a task with rest: passive (in which the experimenter moved the hand), voluntary against low resistance, and voluntary against higher resistance. Contralateral activation was observed in the supplementary motor area (SMA), the primary motor cortex (M1), and the somatosensory cortex (S1) in all three tasks in each subject, whereas ipsilateral activation differed in each cortical region for each task. SMA had the widest prevalence of ipsilateral activation in all three tasks. In the M1, ipsilateral activation was observed in all but 1 subject in the two voluntary tasks but in only a few subjects in the S1 in any of the tasks. Quantitative changes in signal intensity and spatial extent of activation differentiated the voluntary tasks from the passive task and were most pronounced in the S1.
In a traditional, simplified view of motor cortical function, the supplementary motor area (SMA) plans motor acts, and the primary motor cortex (M1) executes the plan (Ghez & Krakauer, 2000) , whereas the somatosensory cortex (S1) gathers sensory feedback to evaluate the fidelity of the movement against the plan's specifications (Flament & Hore, 1988; Prud'homme, Cohen,& Kalaska, 1994; . Consistent with this view, single-unit recording studies in awake monkeys report that the activity of M1 cells is tightly coupled to a motor task and to movement parameters, such as force (Evarts, 1968; Evarts, Fromm, Kroller, & Jennings, 1983; Georgopoulos, Ashe, Smyrnis, & Taira, 1992; Hepp-Reymond, Wyss, & Anner, 1978) . However, Tanji and Kurata (1982) have reported that cells in the SMA also change activity during movement, suggesting that the SMA is also involved in movement execution. In addition, the role of the SMA in movement preparation is based, in part, on the finding that a substantial portion of SMA cells fire prior to movement (Evarts & Tanji, 1974) . However, a populationof M1 cells also fires prior to movement (Alexander & Crutcher, 1990; Donoghue,Sanes, Hatsopoulos, & Gaal, 1998) , suggesting that the M1, along with the SMA, has a role in movement preparation.
Although it is accepted that the S1 provides somatosensory feedback to guide movements, it has been reported that cells in the M1, as well as the S1, are active during both passive and active movements (Fetz, Finocchio, Baker, & Soso, 1980; Flament & Hore, 1988; Lemon & Porter, 1976; Prud'homme et al., 1994; . This suggests that the need for control of execution, which is present for active movement but is lessened or eliminated for passive movement, does not fully determine the conditions of activation for the M1 or fully discriminate between conditions of activation for the M1 and the S1. In addition, cells in the SMA are also reported to respond to passive movements (Tanji, 1994) . Thus, functional specialization within the motor control system is more complicated than is traditionally presented.
This functional complexity observed in awake monkeys is consistent with the anatomical finding that all these cortical areas receive thalamic afferents originatingfrom skin, muscle, and joint receptors, the basal ganglia, and the cerebellum (Jones, 1985; Rouiller, Liang, Babalian, Moret, & 271 Copyright 2002 Psychonomic Society, Inc.
Wiesendanger, 1994; Sakai, Inase, & Tanji, 1996; Schell & Strick, 1984) . In addition, these areas are richly interconnected with each other through extensive ipsilateral and contralateral corticocortical projections (Jones, Coulter, & Hendry, 1978) and are known to give rise to corticospinal projections (Galea & Darian-Smith, 1994; Murray & Coulter, 1981) . Functional imaging studies of humans have also examined the role of the M1, S1, and SMA in a variety of motor tasks. Activation of the sensorimotor cortex (the M1 plus the S1) and activation of the SMA during performance are both widely reported Deiber et al., 1991; Grafton, Woods, & Mazziotta, 1993; Porro et al., 1996; Turner, Grafton, Votaw, DeLong, & Hoffmann, 1998) . However, not all the studies reporting activation in the sensorimotor cortex have distinguished between the M1 and the S1, as is standardly done in the single-unit recording studies of awake monkeys. Where the distinction has been made, activation of the M1 has been consistently reported during voluntary movement, but activation of the S1 has not always been observed (Rao et al., 1993; Xiong, Parsons, Gao, & Fox, 1999) . Among studies in which voluntary movement has been compared with passive movement, two have reported activation of the S1 to the same degree in both types of movement but activation of the M1 only in the voluntary movement task (Mima et al., 1999; Rausch, Spengler, & Eysel, 1998) . A third study (Weiller et al., 1996) found that the M1 and the S1 were both activated, and to the same degree, during voluntary and passive movements. Thus, activation of the M1 and the S1 during voluntary and passive movements remains unclear in the functional imaging studies of humans.
Functional imaging studies on the effect of force on cortical activation during movement have also produced mixed results. Dettmers and others (Dettmers et al., 1996; Dettmers et al., 1995) reported increasing activation of the S1, M1, and SMA as a function of force exerted during a finger-tapping task. Another functional imaging study in which a sustained finger flexion task was used reported activation in the sensorimotor cortex as a function of exerted force (Thickbroom, Phillips, Morris, Byrnes, & Mastaglia, 1998) . However, no force-related changes were reported when a finger flexion task was used in two other functional imaging studies (Ludman, Cooper, PloutzSynder, Potchen, & Meyer, 1996; Thickbroom et al., 1999) .
It seems likely that the variability of the functional imaging results is due, in part, to the variety of motor tasks that have been used, ranging from elbow to individualfinger movements, with different ranges of motion and velocities, with different rates of movement, with active and passive control, and requiring various degrees of force. Furthermore, the results of functionalimaging, which measures signals related to the hemodynamics of the metabolic demands of neural activity, have only infrequently been compared with the results of single-unit recording and have rarely been interpreted in light of emerging knowledge about how these two indicators of neural activity are related (Bandettini & Ungerleider, 2001; Heeger & Ress, 2002; Logothetis, Paulis, Augath, Trinath, & Oeltermann, 2001; Menon, 2001 ). Thus, a coherent picture of the neural substrate for motor control-especially in humans, where the functional imaging literature plays such a large rolewould seem to benefit from further study.
Accordingly, we undertook the present study, using f MRI to obtain a clearer picture of the cortical activation involved in a simple movement task in which joint position and displacement could be kept relatively constant while the type or degree of control required was varied. The chosen task consisted of rhythmic flexion of all the fingers of the right hand together, except the thumb, at a constant rate. Passive movement of the hand by the experimenter represented external, or minimal internal, control. The subject's voluntarymovement of the hand against lesser versus greater resistance represented intermediate and greater amounts of internal control, allowing examination of sensitivity to variations in force.
Our specific goal was to determine how and to what extent activation in the M1, S1, and SMA, together and separately, was involved in the control of a simple movement. To do this, we manually identified the areas of interest in each individual brain, using commonly accepted anatomical landmarks, and measured the intensity and spatial extent of activation within each area. We then related our functional imaging findings to what is known regarding the connectivity and physiology of motor cortical areas in nonhuman primates.
METHOD

Subjects
Six male and 6 female volunteers from the student population of Michigan State University participated. They ranged in age from 18 to 23 years. All identified themselves as right-handed. All gave informed consent to the experimental procedures, which were approved by the University Committee on Research Involving Human Subjects. Postprocessing revealed that imaging missed much of the primary regions of interest in 1 subject, thereby reducing our sample to 11.
A second group of 12 students (6 males and 6 females) from the same population was used to measure EMG responses of the flexor muscles of the right hand outside the scanner at a later date, in order to verify the efficacy of our paradigm for producing passive movement.
Imaging
During scanning, each subject lay supine in a clinical 1.5 Tesla Horizon EchoSpeed scanner from General Electric Medical Systems. The subject's head was inside a standard quadrature birdcage head coil. Foam padding limited head motion, and ear plugs reduced the impact of gradient switching noises. Functional images were acquired using a T2*-weighted gradient-echo EPI sequence sensitive to blood oxygenation level-dependent (BOLD) effects (flip angle, 90º; TE, 45 msec; TR, 2 sec; FOV, 24 3 24 cm; matrix, 64 3 64; slice thickness, 6 mm; voxel size, 3.75 3 3.75 3 6 mm; 4 axial slices; 125 images/slice; 500 images/series). This method provides an indirect measure of neural activity, since it relies on a rise in local blood oxygen content that follows an increase in local synaptic activity. In particular, it is currently debated how f MRI signals are correlated with intracortical activity within a cortical area, as compared with the spiking output of isolated units (see Heeger & Ress, 2002 , for a review). This issue will be addressed when we compare our functional imaging results with those from single-unit recordings.
Our regions of interest (ROIs) were the M1, the S1, and the SMA. These areas were manually identified in each brain according to accepted anatomical landmarks. Imaging included parts of other areas potentially related to sensorimotor function (the premotor and posterior parietal cortex), but these areas were not included owing to the combination of incomplete coverage and lack of unambiguous anatomical landmarks for defining their boundaries.
Each imaging series lasted 250 sec and included four 30-sec periods of task performance alternating with 30-sec periods of rest. Functional neuroimages were overlaid on a three-dimensio nal anatomical series consisting of 124 axial slices, each 1.2 mm thick, acquired with an SPGR pulse sequence.
Task Performance
The chosen motor task was one that could be reproducibly performed under different types or degrees of control, ranging from external control in passive movement to internal control against low and high amounts of resistance. The closest natural analogue to the task is that of a hand waving good-bye at a constant rate. In our experimental version, the subject's right palm and fingers were fixed with tape to two ends of a board hinged at the middle to allow the four fingers to flex in unison at their metacarpal joints without moving the thumb or the wrist. In all three experimental conditions, the movements consisted of flexion and extension of all four fingers together at a rate of 2 Hz, which was guided by the switching gradients (collecting four slices with TRs of 2 sec created pinging twice per second). Three different versions of this movement were performed, each in a different imaging series: (1) passive, in which the subject's hand was flexed by the experimenter, who moved one end of the hinged board at the specified rate, (2) voluntary low force, in which the subject executed the same movement at the same rate, with the hinged board offering little resistance to being moved, and (3) voluntary high force, in which the subject executed the same movement at the same rate, but with rubber bands attached to the hinged board in a way that noticeably increased the force requirement for making the movement. Although measurements were not taken of actual force exerted, the constant rate requirement would tend to equate the required force across subjects within each condition, given the constant physical properties of the hinged board and the rubber bands.
The order of performing the passive and the voluntary low-force tasks was counterbalanced across subjects. The voluntary high-force task was always in the last series. In the passive task, the subject was instructed to keep the fingers completely relaxed and not to assist the experimenter's movement. Verification of the absence of muscular activity in the passive task was performed with EMG recordings in a comparable group of subjects outside the scanner at a later date. In the two voluntary tasks, the subject was instructed to focus effort on the finger muscles and to try to minimize recruitment of arm and shoulder muscles. A demonstration and a brief practice preceded imaging.
An artifact of unknown origin distorted the MR signals in the voluntary high-force series in 1 subject, which reduced our sample to 10 for that series. Sample sizes for the voluntary low-force and the passive series remained at 11.
Data Analyses
Data were prepared for by analysis using the Medical College of Wisconsin's AFNI program (Cox, Jesmanowicz, Wong, & Hyde, 1995;  http://afni.nimh.nih.gov/ afni/afni_latest.shtml). After registration to correct for head motion, active voxels in the functional images were identified by correlating raw data with a convolved reference function representing the time course of the alternating periods of rest and task within an imaging series (Friston, Jezzard, & Turner, 1994) on a voxel by voxel basis . Individual brain coordinates were transformed into the Talairach stereotaxic system (Talairach & Tournoux, 1988 ), but the resulting large variation in the coordinates of the central sulcus led to inaccurate localization of motor cortical areas (AC-PC distance ranged from 22.5 to 28.3 mm in our brains, as compared with Talairach's 23.0 mm). Therefore, we assigned voxels to each of our ROIs based exclusively on the basis of manual determination of their location in the untransformed images with respect to each brain's unambiguous anatomical landmarks-namely, the central sulcus, the longitudinal fissure, the anterior commissure, and the cingulate gyrus. For our purposes, this procedure was particularly important in assigning active voxels to the SI versus the MI, where the architecture of the precentral and postcentral gyri served as definitive landmarks. Assignment of voxels to the SMA was based on the following anatomical landmarks: (1) located no more than 3 voxels lateral to the midline, (2) between the central sulcus and the anterior commissure, and (3) superior to the cingulate gyrus. There was no overlap between the SMA and the M1, using these criteria (Figure 1) .
Criterion of Activation
The significance level for determining activation was set at p # 10 25 , since correlations were calculated for~3,000 voxels in each brain. Because each voxel's correlation was based on a time series of 125 images, this meant that correlations were statistically significant down to a value of 1.35. However, as further protection against Type I error, we added the additional requirement that there be a cluster of at least two contiguous voxels, in or out of plane, orthogonal or diagonal, that met this criterion within each ROI before declaring that an ROI contained activated tissue. Center of activation within each region was determined by the location of the cluster with the highest correlation value above 1.35.
After locating all the activated clusters, we determined the location of the single best-responding cluster for each task. This best cluster was defined as the cluster, regardless of ROI or hemisphere, containing the pair of contiguous voxels whose activity was most closely correlated with the task reference function. The magnitude of the best cluster's correlation with the reference function represents the maximum degree of fidelity between that subject's cortical activation and the time course of task activity. As such, it represents each subject's best response to a task, and it served as an indication of each subject's overall maximum responsiveness. The correlation values thus obtained ranged from 1.68 ( p , 10 219 ) to 1.91 ( p , 10 232 ), indicating both the overall robustness and the individual variability of the subjects' maximum activations in our tasks.
Magnitude and Volume of Activation
Within each ROI, we computed two measures of the quantitative changes in activation that occurred with changing task demands. The first was to determine the magnitude of activation in each task condition by calculating the mean intensity of the MR signals in the pair of voxels making up the best cluster within each ROI assessed individually. AFNI's measure of intensity weights the absolute variation in mean signal amplitude in each voxel by the degree of that voxel's correlation with the task reference function. Hence, it is a relative measure of task-related response magnitude.
The second quantitative measure of changes across task conditions was to determine the spatial extent or volume of activation within each ROI in each task condition. Volume was determined by counting all the voxels that met a criterion lower than that of the best cluster, since by definition the latter included only 2 voxels. Because of the wide range of correlation values encountered across regions, tasks, and subjects, a relative criterion was chosen. This was set at two thirds of the correlation of the best cluster in each active region for that particular subject. Although arbitrary, this criterion yielded a pool of voxels whose correlations were statistically significant and in sufficient quantity to make valid comparisons across regions and tasks. As will be seen, this subject-relative approach to setting activation criteria simultaneously accommodated the enormous range of individual variability observed in brain response and protected the experiment as a whole against Type I error in a manner as rigorous or more so than extant studies.
Absolute numerical values obtained for intensity and number of active voxels are difficult to compare across subjects and brain regions, owing to variations in baseline signal strength. For this reason, it is not possible to say whether a response in one region or subject is greater than what is observed in another. Therefore, paired t tests were used to evaluate the significance of the changes in each subject's various cortical regions individually, as the type or degree of control was changed. On the basis of preliminary studies (Bernard et al., 1999; Bernard et al., 1995) , our hypothesis was that as motor control ranged from purely passive to voluntary against two levels of resistance, the magnitude of response and the volume of activation would increase in each ROI.
EMG Recordings
In order to verify the lack of voluntary muscular activity in the passive movement task, EMG recordings were performed at a later date outside the scanner in a conventional laboratory setting. A pair of surface electrodes was positioned on the right forearm of each subject lying supine on a cot. A ground electrode was fixed to the dorsum of the left hand. The electrode leads fed into a preamplifier (1003). The signal was then digitized at 1 kHz and processed by a MacLab physiological recording system (AD Instruments, Dover, NH). During task performance, the subjects' fingers were fixed to a hinged board, and movements were performed in exactly the same manner and sequence, and under the same instructions, as in the f MRI experiments.
RESULTS
Best Cluster for Each Task
The location of the single best-responding cluster for each task, independently of ROI, was always in the contralateral hemisphere. Across subjects and tasks, it was more likely to be in the S1 than in the M1, but never in the SMA. There was little difference in the degree to which the best clusters in the S1 and the best clusters in the M1 correlated with rhythmic hand movements, regardless of the type or degree of control that was required. Best-cluster correlation values ranged from 1.68 to 1.91 (10 238 , p , 10 216 ) with a mean of 10.81 6 .6 ( p , 10 226 ). (For discussions of the problem of determining statistical significance in f MRI time series data, see Baker et al., 1994; Bullmore et al., 1996; Friston et al., 1994) .
Individual ROIs for Each Task
Contralateral activation was observed in the S1, M1, and SMA in all the subjects in all three tasks (Figure 2 ). Ipsilateral activation was less common overall, and its distribution across ROIs varied from subject to subject. It was observed most often in the SMA, ranging from 7 sub- 
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Coronal Sagittal jects in the passive task to 9 in both voluntary tasks. In the M1, it was observed in all but 1 subject in the voluntary tasks, but only in 3 subjects in the passive task. Finally, ipsilateral activation was observed least often in the S1, ranging from 2 to 4 subjects across the three tasks. The best-responding cluster within both the S1 and the M1 was contralateral to the moving hand in all the subjects in all three tasks, but in the SMA laterality was more variable. The SMA's best cluster was ipsilateral in 3 subjects in one or two of the tasks. Across all regions and tasks, correlation values of the best cluster ranged from 1.38 to 1.91 (10 238 , p , 10 25 ), with a mean across subjects and conditions of 1.74 6 .11 ( p , 10 222 ). Generally, correlation values for ipsilateral activation were lower than for the contralateral (the only exceptions occurred in the SMA).
We should note that the mean correlation of 1.74 across subjects, tasks, and ROIs corresponds to an alpha level considerably more stringent than those chosen as fixed statistical thresholds in the published studies of voluntary movement we have reviewed, and even the lowest value of 1.38 easily meets standardly accepted criteria regarding choice of alpha level. Thus, our subject-relative approach to determining activation criteria takes account of individual differences while achieving high levels of protection against Type 1 error for the experiment as a whole.
Magnitude and Volume of Activation and Sensitivity to Force
As compared with passive movement, the best clusters in all three regions showed a significant increase in response magnitude during the low-force task (Table 1) . However, a further increase in mean signal intensity during the high-force task was observed only in the S1.
The pattern of change in spatial extent or volume of activation was more complicated. On the basis of the criterion of two thirds of the best-cluster correlations, there was a greater number of activated voxels during voluntary low-force movement than during passive movement in the SMA, but only a trend in that direction in the M1 and no significant increase in the S1 (Table 2 ). In the high-force task, there was a significant increase in the M1 and the S1 relative to low force, but not in the SMA. Figure 3 illustrates the pattern of a general but varying increase in magnitude and volume of cortical activation across tasks in 1 subject.
EMG Responses
There was no significant change in muscle electrical activity between the resting and movement conditions during the passive movement task (Figure 4) . Only 1 subject showed even a measurable increase, and this increase was small, as compared with the voluntary tasks. All the subjects showed large increases ( p 5 .0001) during each of the voluntary tasks (Table 3; Figure 4 ). Thus, our method of contrasting active versus passive movements appears to be effective.
DISCUSSION
In the present study, we used f MRI to investigate the changes in cortical activation that occurred when the same physical movement was performed under three different conditions that varied in their control requirements. The chosen task was a simple rhythmic flexion of the fingers of the right hand performed first by an external agent (the passive condition) and then by the subject against low and high resistance (the voluntary low-force and voluntary high-force conditions). Although our conditions are de- picted as a progressive increase in degree of control, the difference between passive and voluntary movement may also be viewed as qualitative and the difference between the two voluntarymovements as quantitative.This provides an additional context for interpreting some of our results.
Analysis focused on three anatomically defined ROIs in each cortical hemisphere: the SMA, the M1, and the S1. The first major finding was that each cortical region was activated contralaterally in all three conditions in each subject, whereas ipsilateral activation differed in each region for each condition and was less consistent across subjects in any condition (Figure 2 ). Taken separately, each of these observations is supported by one or more of the previously described electrophysiological and functional imaging studies. Taken together, however, our findings present a new picture of how the SMA, the M1, and the S1 jointly, yet differentially, contribute to the integrated control of movement. This is primarily due to differences in the extent of ipsilateral activation in each region.
The SMA stands out from the other two regions by having the largest prevalence of ipsilateral activation in all three conditions. This would be in keeping with its classical planning role, except for the notable extension of that concept to include passive movement. In the latter case, its activity might consist in monitoring the movement and inhibiting any undesired voluntary cooperation, as was required in our study. The fact that ipsilateral activation, especially outside of the SMA, was highly variable across subjects and conditions illustrates both the extent of individual variability in cortical implementation of task control and the value of our approach to data analysis for tracking individual differences in cortical function.
These conclusions would be problematic without the evidence from EMG recordings that our task paradigms produced an effective contrast between active and passive movements. There was no indication from muscle activity that the subjects in the passive condition were mirroring or helping with the movement being performed by passive manipulation. With that evidence in hand, it does appear warranted to expand the notion of planning in the SMA to include the sorts of monitoring and regulation processes required to ensure passivity.
In contrast to the ipsilateral SMA's approximately equivalent likelihoodof involvementin all three task conditions, the M1 showed a sharp increase in the number of subjects who showed ipsilateral activationin the two voluntarytasks, as compared with passive movement. Thus, whereas the ipsilateral SMA appears to be needed to ensure passivity, as well as to implement action, the role of the ipsilateral M1 appears to be more restricted to implementing action.
Despite its differential ipsilateral involvement, the M1 showed no change in the prevalence of contralateral activation across the three conditions. That is, the change in M1's execution-related activation was entirely accounted for by ipsilateral recruitment. This finding elaborates the M1's role in the execution of movement, showing that voluntarily controlled movement is dependent on the ipsilateral M1 over and above the activation of the contralateral M1 that can result from passive movement alone.
The S1 behaved quite differently from the other regions in having the lowest number of subjects showing ipsilateral activation in any of the conditions. In addition, it was the only region to show a significant further increase in response magnitude (Table 1 ) and the largest and most significant increase in volume of activation (Table 2) in the voluntary high-force condition,relative to the low-force condition. These observations fit closely with the S1's role of providing feedback for the ongoing changes occurring in the contralateral hand during all three conditions. The qualitativecharacter of the difference between passive and voluntary movements is illustrated by the sharp increase and widespread presence of ipsilateral activation in the M1 and, to a lesser extent, the SMA, but not in the S1, during voluntary movement, as compared with passive movement. In addition, all three regions showed significant increases in signal intensity during the voluntary low-force task, but only the S1 showed a further increase in the high-force task (Table 1) . To summarize, then, active control is characterized by a shift in the pattern of activation toward greater involvement of the ipsilateral motor cortex, whereas increased force is characterized by increased activation of the contralateral somatosensory cortex (Figure 2 ).
Comparison Between fMRI Activation and Electrophysiological Activity
Our finding of activation in the SMA, M1, and S1 during passive movement corresponds to that of electrophysiological studies in which cells in the SI, MI, and SMA are reported to fire in response to passive movement in the awake monkey Flament & Hore, 1988; Tanji, 1994) .The finding of activation sites in the ipsilateral SMA, MI, and SI during movement is intriguing in view of the anatomical and physiological data obtained in nonhuman primates. Only a small proportion of cells in the MI, SI, and SMA are responsive to ipsilateral stimulation in the awake behaving monkey (Tanji, Okano, & Sato, 1988) . Anatomically, some fibers do descend to the spinal cord without crossing in the pyramid, but these projections innervate proximal musculature (Kuypers & Brinkman, 1970) . Sensorimotor neural circuits connecting ipsilateral and contralateral cortical hand representation areas are indirect. Although it is well Colored pixels represent voxels whose correlation with the task reference function was equal to or greater than two thirds that of the best cluster. Magnitude of signal change is coded yellow . orange . red. The best cluster remained consistently located posterior to the central sulcus, in the contralateral somatosensory cortex (S1), in this subject. Other activated clusters can be seen in the contralateral primary motor cortex, the bilateral supplementary motor area, the ipsilateral S1, and the posterior parietal area (not analyzed in this study).
Passive
Hand Movements
Voluntary low force
Voluntary high force known that widespread regions of the MI and the SI maintain homotopic interhemispheric connections, the hand representation is a notable exception (Gould, Cusick, Pons, & Kaas, 1986; Jenny, 1979; Jones, Coulter, & Wise, 1979; Jones & Hendry, 1980; Killackey, Gould, Cusick, Pons, & Kaas, 1983) . Therefore, ipsilateral activation may be a result of commissural corticocortical projections from the hand representation to nonhomotopic regions in the MI and the SI (Jenny, 1979; Jones et al., 1979; Jones & Hendry, 1980) or by way of intrahemispheric corticocortical projections to the SMA (Jones et al., 1978) . Finally, the SMA maintains robust bilateral projections and projects back to the MI and the SI (Luppino, Matelli, Camarda, & Rizzolatti, 1993; Muakkassa & Strick, 1979) .
This inter-and intrahemispheric sensorimotor connectional network may provide the substrate for the ipsilateral activation we observed in the SMA and the M1 and, to a much lesser extent, in the S1 during voluntary movement. It is of particular interest that we observed bilateral activation of the SMA under all movement conditions, since the SMA is the region with robust bilateral projections. Activation of the motor areas SMA and M1 during a purely passive movement highlights the different type of information provided by functional imaging, whether PET or f MRI, as compared with isolated single-unit record- Heeger & Ress, 2002 , for a review). One of the issues is that f MRI is correlated in various degrees with different measures of neuronal activity, single-and multi-unit spiking activity, and local field potentials. The latter leads to the possibility that f MRI reflects the input and intracortical processing of a given brain area more than does its spiking output. Thus, as Raichle (2000) emphasized, a local increase in inhibitory activity is just as likely to increase blood flow and the f MRI BOLD signal as is a local increase in excitatory activity. It is possible that a network of inhibition acts upon the motor pyramidal cells (Beierlein, Gibson, & Connors,2000) during passive movement, since, in many respects, even though the movement is being represented in relevant brain regions, motor output must be prevented. The f MRI activation could then represent a net inhibitory effect on these same output neurons, imposed by increased activity in inhibitory interneurons. If this were so, it would not be surprising to observe robust activation in cortical motor and planning areas during a passive movement, in which voluntary production of the motor action may actually need to be inhibited,rather than merely being absent. Similarly, the overall increase in activation seen in both voluntary tasks would be due to a total increase in presynaptic input and intracortical processing, both inhibitory and excitatory, with the amount of output activity correlated with the degree of control required. This would yield a more complex picture of brain activity, in which it would be important to take into account the interplay between inhibitory and excitatory events in order to understand this and, perhaps, other cognitive functions. As was pointed out by Georgopoulos (2000) , f MRI and neurophysiological methods are complementary and, together, can provide a more complete view of the neural mechanisms of behavior.
Sensitivity to Force and the Interpretation of Magnitude and Volume of Activation
Previous imaging studies in which the effect of force on cortical activation has been evaluated have produced mixed results. Although some studies have reported no force-sensitive changes (Ludman et al., 1996; Thickbroom et al., 1999) , others, such as ours, have shown increased cortical activation as a function of force (Dettmers et al., 1995; Thickbroom et al., 1998) . However, since those analyses did not attempt to distinguish the MI from the SI, it is difficult to directly compare their results with our own. In view of the known variability in localizing cortical areas using standardized Talairach coordinates (Grosbras, Lobel, VandeMoortele, LeBihan, & Betholz, 1999) , our own analysis initially determined the location of an activated cluster with respect to the central sulcus, using untransformed images. Thus, in our study, MI and SI activation was clearly differentiated.
It is well documented that neurons primarily in the MI (Ashe, 1997; Cheney & Fetz, 1980; Evarts et al., 1983; Georgopoulos et al., 1992; Hepp-Reymond et al., 1978) , but also in the SI (Wannier, Maier, & Hepp-Reymond, 1991) , are sensitive to movement parameters such as force (Cheney & Fetz, 1980; Evarts, 1968; Hepp-Reymond et al., 1978) . However, it is unclear how these characteristics of neuronal populationsmay correspond to the hemodynamic changes we observed in the MI and the SI. The increased magnitude of activation in the best cluster as more control was required suggests an analogy with the increased firing rate of individual neurons seen when there is an increase in force of contraction in a motor unit of skeletal muscle. Similarly, the increase in spatial extent or volume of activation suggests a comparison with the recruitment of spinal motor neurons as force of muscle contraction is increased. However, greater magnitude of activation within a voxel may arise both from the spread of activation to other neurons within the voxel and from increased firing among the same neurons. Also, the spread of activation to new voxels may result from the spread of inhibitory, as well as excitatory, synaptic activity and, thus, does not fully correspond to spinal motor neuron recruitment. Only cellular studies could yield such a detailed analysis. Combining such findings with those of functional imaging studies would enrich our understanding of cognition and behavior.
